Apoptosis signal-regulating kinase 1 (ASK1), a member of the mitogen-activated protein kinase kinase kinase family, plays a critical role in mediating apoptosis signals initiated by a variety of death stimuli such as hydrogen peroxide and tumor necrosis factor-a. Owing to its critical role in inducing apoptosis, the activity of ASK1 is tightly regulated by various mechanisms such as post-translational modifications and protein-protein interactions. Here we describe the identification of G 1 to S phase transition protein 1 (GSPT1), which is associated with protein translation, as a regulator of ASK1. GSPT1 interacts with ASK1 and enhances ASK1-induced apoptotic activity through the activation of caspase-3. In vitro kinase assay data show that GSPT1 enhances ASK1 autophosphorylation and its kinase activity. Cell cycledependent GSPT1 induction and small interfering RNA analyses show that ASK1 autophosphorylation is dependent on the expression level of endogenous GSPT1 in cells. GSPT1 inhibits the binding of ASK1 to the 14-3-3 protein, an ASK1 inhibitor, while GSPT1 has no effect on the interaction between ASK1 and TRAF2, a C-terminalbinding activator of ASK1. Thus, our results reveal a novel role of GSPT1 in the regulation of ASK1-mediated apoptosis.
Introduction
Apoptosis signal-regulating kinase 1 (ASK1) is a member of the mitogen-activated protein kinase kinase kinase (MAPKKK) family, which activates both the c-Jun Nterminal kinase (JNK) and p38 signaling pathways by directly phosphorylating and thereby activating MKK4 (SEK1)/MKK7 and MKK3/MKK6, respectively (Ichijo et al., 1997) . The kinase activity of ASK1 can be activated by many stress stimuli such as oxidative stress (Saitoh et al., 1998; Song et al., 2002) , tumor necrosis factor-a (TNF-a) (Liu et al., 2000) , Fas ligand (Ko et al., 2001 ) and endoplasmic reticulum (ER) stress (Nishitoh et al., 2002) . Functional activations of ASK1 by TNF-a and Fas signals are mediated by bindings of ASK1 to TNF receptorassociated factor 2 (TRAF2) and the Fas-associated protein Daxx, respectively. The TRAF2-or Daxx-induced ASK1 activation leads to apoptosis through activation of the JNK/p38 signaling pathway (Chang et al., 1998) .
Several cellular factors including thioredoxin, glutaredoxin, 14-3-3 and protein serine/threonine phosphatase 5 have been reported as inhibitors of ASK1. 14-3-3 proteins are a family of widely expressed phosphoserine/ phosphothreonine-binding eukaryotic proteins (Fu et al., 2000) . They directly bind to ASK1 through the phosphorylated Ser-967 of ASK1, and block ASK1-induced apoptosis and kinase activity (Zhang et al., 1999) . As ASK1 is regulated by many cellular signaling pathways, there may be more regulators to be identified. We searched for more interaction partners of ASK1 via yeast two-hybrid screening with the human complementary DNA (cDNA) library (Gyuris et al., 1993) . One of positive clones was identified as GSPT1 (G 1 to S phase transition protein 1) that is essential for the G 1 to S phase transition of the cell cycle and is known to function as a polypeptide chain release factor 3 (eRF3) (Kikuchi et al., 1988) . GSPT1 interacts with eRF1 and polyadenylatebinding protein (PABP), which associates with the poly(A) tail of mRNAs for their stabilization (Hoshino et al., 1998 (Hoshino et al., , 1999 . However, recent studies suggest that GSPT1 may be involved in other processes such as cell cycle, apoptosis or transcription (Hegde et al., 2003; Malta-Vacas et al., 2005) . Here we describe a novel function of GSPT1 that induces ASK1-mediated apoptosis by facilitating dissociation of 14-3-3 from ASK1.
Results
Binding of ASK1 to GSPT1 in vivo and in vitro To identify protein-binding partners of ASK1, we used the C-terminal domain (amino-acid residues 649-1375) of ASK1, which contains the kinase and regulatory domains, as a bait for a yeast two-hybrid system and screened with a HeLa cDNA library as described (Gyuris et al., 1993) . We have obtained and identified positive clones, some of which (for example MAPKKK6 and 14-3-3 proteins) have already been reported to interact with ASK1 (Wang et al., 1998; Zhang et al., 1999) . One of two de novo interacting groups was identified as human D53-like 1 (hD53L1) and its role in the regulation of ASK1 activity was published elsewhere (Cho et al., 2004) . The other group contained two independent clones of GSPT1, both of which included a common C-terminal segment (residues 444-637). To confirm the interaction between ASK1 and GSPT1 in mammalian cells, Human embryonic kidney (HEK) 293 cells were transiently co-transfected with FLAG-ASK1 and hemagglutinin (HA)-GSPT1 expression plasmids. FLAG-ASK1 was pulled down by anti-FLAG affinity agarose, followed by immunoblotting with an anti-HA antibody to detect ectopically expressed GSPT1 in the pulled-down ASK1 complexes ( Figure 1a ). To investigate the effect of hydrogen peroxide (H 2 O 2 ) on their interaction, transfected cells were treated with H 2 O 2 and the interaction was subsequently examined by immunoprecipitation and immunoblotting. Results showed no H 2 O 2 effect on the interaction between two proteins ( Figure 1a ). To examine the interaction between two endogenous proteins, HEK 293 cell lysates were immunoprecipitated with mouse anti-GSPT1 immunoglobulin G (IgG), followed by immunoblotting with anti-ASK1 and anti-GSPT1 antibodies (Figure 1b , left panel). Immunoprecipitation of ASK1 by rabbit anti-ASK1 antibody (H-300) with the same lysates followed by immunoblotting with anti-GSPT1 antibody confirmed the interaction between two endogenous proteins in a reciprocal manner (Figure 1b, right) . The endogenous interaction was not changed on H 2 O 2 or TNF-a treatment ( Figure 1c) . The results suggest that two endogenous proteins interact with each other in cells, regardless of ASK1 activation. Glutathione-S-transferase (GST) pull-down assays with ASK1 deletion mutants showed that the C-terminal regulatory domain of ASK1 was found to be responsible for binding to GSPT1, whereas the kinase domain showed no affinity to GSPT1 (Supplementary Figure 1) . GSPT1 enhances ASK1-mediated apoptosis and caspase-3 cleavage We next tested whether GSPT1 enhances ASK1-induced cell death. ASK1-induced cell death was significantly increased in the presence of GSPT1 while either GSPT1 or ASK1 alone induced cell death slightly (Figure 2a ), suggesting that GSPT1 enhances ASK1-mediated cell death. Based on reports that ASK1 is a key regulator in caspase-3-dependent apoptosis, we next examined the role of GSPT1 in apoptosis by measuring the caspase-3 activity. Cells co-transfected with both ASK1 and GSPT1 expression plasmids showed higher caspase-3 activity than cells transfected with the ASK1 expression plasmid alone (Figure 2b ), suggesting that GSPT1 upregulates the ASK1-induced caspase-3 activity. To test whether the increase of caspase-3 activity is directly related to the proteolytic processing for in vivo caspase-3 activation, an immunoblot analysis was performed to detect the active caspase-3 (Figure 2c ). The results confirmed that processing of pro-caspase-3 into an activated form is more apparent with co-expression of ASK1 and GSPT1 than that of ASK1 only.
GSPT1 enhances the ASK1-mediated MAPK pathway As GSPT1 induces apoptosis by regulating ASK1, an upstream component of the MAPK signaling cascades, GSPT1 should regulate downstream factors of ASK1 signaling cascades. A reporter assay was performed to determine the effect of GSPT1 on ASK1-induced stimulation of transactivation activities of c-Jun, which is a downstream target of JNK (Figure 3a) . Whereas ASK1 alone was sufficient for stimulation of c-Jun activity, co-expression of GSPT1 apparently enhanced ASK1-mediated c-Jun transactivation activity. Since c-Jun is phosphorylated by JNK1, a downstream target of ASK1, we tested whether c-Jun phosphorylation is induced by JNK1 in the presence of GSPT1. In vitro kinase assays with the immunoprecipitated complexes were performed using GST-c-Jun as a substrate. ASK1-mediated JNK1 kinase activity was increased in the presence of GSPT1 in a dose-dependent manner ( Figure 3b ). Since autophosphorylation of ASK1 is important for ASK1 kinase activity, we performed in vitro kinase assays to test if GSPT1 could enhance autophosphorylation and kinase activities of ASK1 ( Figure 3c ). Data show that ASK1 is more autophosphorylated and more active in the presence of GSPT1 than in the absence of GSPT1. To exclude the possibility that ASK1 is activated through indirect effects of GSPT1, recombinant GSPT1 and FLAG-ASK1 proteins were purified from Escherichia coli and HEK 293 cells, respectively, and used for ASK1 phosphorylation assays ( Figure 3d ). The C-terminal GSPT1 domain (residues 434-637) that interacts with ASK1 increased ASK1 phosphorylation in a dose-dependent manner while the N-terminal GSPT1 domain (residues 1-302) that fails to interact with ASK1 showed no effect on ASK1 phosphorylation, suggesting the direct effect of GSPT1 on ASK1 regulation.
Simultaneous GSPT1 expression and ASK1 autophosphorylation after the progression of the G 0 /G 1 cells to the S phase and knock-down effect of GSPT1 on ASK1 activity Since GSPT1 mRNA expression is cell cycle-dependent and increases at the G 0 /G 1 to S phase of the cell cycle (Hoshino et al., 1989) , we tested whether cell cycledependent induction of endogenous GSPT1 is concomitant with the enhancement of endogenous ASK1 activity. HEK 293 cells arrested in the G 0 /G 1 phase by serum starvation were stimulated with serum for different periods before cell lysis. Cell lysates were immunoprecipitated with anti-ASK1 affinity agarose beads and then ASK1 activity in the immunocomplex was determined by autophosphorylation assays (Figure 4a ). Immunoblotting analyses of cell lysates with anti-GSPT1 and anti-ASK1 antibodies show that GSPT1 expression is induced at 6-8 h after serum stimulation, while the expression level of ASK1 is not influenced by serum stimulation. However, ASK1 autophosphorylation is increased along with GSPT1 induction. The results suggest that the cell cycle-dependent induction of GSPT1 increases ASK1 autophosphorylation. To further investigate whether ASK1 activity is dependent on GSPT1 expression level, we performed GSPT1 RNA knock-down experiments using small interfering RNA (siRNA) specifically targeting GSPT1 mRNA (Chauvin et al., 2005) . Immunoblotting analyses and ASK1 autophosphorylation assays with cell lysates from HEK 293 cells transfected with GSPT1 siRNA expression plasmid or control siRNA plasmid showed that knock-down of GSPT1 expression also reduced ASK1 autophosphorylation (Figure 4b ). Taken together, the results show that ASK1 activity is dependent on the expression level of GSPT1.
GSPT1 interferes with ASK1-14-3-3 complex formation It has been reported that 14-3-3 proteins associate with the C-terminal domain of ASK1 and inhibit its activity.
GSPT1 also interacts with the C-terminal domain of ASK1 for activation. Therefore, it is possible that GSPT1 competes with 14-3-3 proteins for ASK1 binding. Another possibility is that GSPT1 may induce TRAF2, also a C-terminal-binding protein, to bind tightly to ASK1 in the presence of GSPT1 to activate ASK1. In order to assess these possibilities, we performed binding assays with ASK1 and ASK1-interacting proteins, TRAF2 and 14-3-3 proteins, in the presence of GSPT1. The results showed that co-expression of GSPT1 had no effect on binding of ASK1 to TRAF2 (Figure 5a ). In contrast, co-expression of GSPT1 reduced the interaction between ASK1 and 14-3-3 (Figure 5b ). To further confirm this result, we tested whether GSPT1 inhibits binding of 14-3-3 to ASK1 in a dose-dependent manner. The results showed that the binding of 14-3-3 to ASK1 was gradually diminished, is activated by recombinant GSPT1 C-terminal fragment but not by GSPT1 N-terminal fragment in vitro. FLAG-ASK1 was purified by immunoprecipitation with anti-FLAG M2 agarose beads and incubated with increasing amounts (0.5, 1, 2 mg) of recombinant GSPT1 N-terminal fragment (residues 1-302) or C-terminal fragment (residues 434-637). ASK1 activities were determined by in vitro phosphorylation assays. ASK1, apoptosis signal-regulating kinase 1; GSPT1, G 1 to S phase transition protein 1; MAPK, mitogen-activated protein kinase; JNK1, c-Jun N-terminal kinase 1; GST, Glutathione-S-tranferase; HA, hemagglutinin.
concomitant with an increase of GSPT1 bound to ASK1 (Figure 5c ). Since the interaction between GSPT1 and 14-3-3 was not detected (Supplementary Figure 2) , the reduction of complex formation between ASK1 and 14-3-3 in the presence of GSPT1 indicates that GSPT1 competes with 14-3-3 for binding to ASK1.
Since binding of 14-3-3 to ASK1 is dependent on the phosphorylation status on Ser-967 of ASK1 (Goldman et al., 2004) , a mutant ASK1-S967A (Ser 967 to Ala) that lacks the phosphorylation site and thus fails to interact with 14-3-3 (Zhang et al., 1999) was made to test whether GSPT1 has any effect on the autophosphorylation of ASK1-S967A (Figure 6a ). In the absence of GSPT1, ASK1-S967A is more autophosphorylated than wild-type ASK1, which indicates the increase of ASK1 activity. However, in the presence of GSPT1, autophosphorylation of ASK1-S967A was not affected, whereas wild-type ASK1 is more autophosphorylated compared to those in the absence of GSPT1. These results suggest that GSPT1 acts as an inhibitor of 14-3-3 by binding to the 14-3-3-binding motif of ASK1. We then tested whether ASK1-S967A interacts with GSPT1 since failure of GSPT1-induced ASK1 activity with ASK1-S967A might be due to a lack of capacity for interaction between the two proteins. We found that GSPT1 interacts with ASK1-S967A as well as wild-type ASK1 (Figure 6b ), suggesting that the interaction between ASK1 and GSPT1 is Ser-967 phosphorylation-independent. Since Ser-967 of ASK1 is known to be phosphorylated under normal growth conditions and dephosphorylated upon exposure to H 2 O 2 (Goldman et al., 2004 ), this result supports that H 2 O 2 has no effect on the interaction between two proteins as shown in Figures 1a and c . Since the treatment of ASK1 with calf intestinal phosphatase (CIP) before immunoprecipitation did not affect ASK1-GSPT1 interaction (Supplementary Figure 3) , we conclude that the interaction between GSPT1 and ASK1 is phosphorylation-independent. Collectively, these results suggest that GSPT1 regulates ASK1 by inhibiting the binding of 14-3-3 to ASK1, at least in part.
Discussion
GSPT1 was originally identified as a translation regulator that functions as an eRF3 for the termination of protein synthesis (Hoshino et al., 1998) . A recent report, however, suggests that GSPT1 acts as a positive regulator of apoptosis by binding to IAPs (inhibitors of apoptosis proteins) and inhibiting their activity (Hegde et al., 2003) . Approximately 10-20% of GSPT1 is N-terminally processed to start at residue 70 with an AKPF sequence for binding to IAPs. The processed GSPT1 binds to IAPs, promotes ubiquitination of IAPs, and therefore induces apoptosis (Hegde et al., 2003) . Whereas the processing of GSPT1 is critical for regulating IAPs, it may not be critical for binding to ASK1 since ASK1 was detected in the pulled-down complex when the N-terminally GST-tagged GSPT1 was pulled down with Glutathione Sepharose (GS) beads (Supplementary Figure 1) . Whereas association of GSPT1 with ASK1 is required for GSPT1-mediated ASK1 activity, treatment with TNF-a or H 2 O 2 , two potent ASK1 activators that induce phosphorylation of ASK1, did not modulate the interaction between GSPT1 and ASK1. This suggests that post-translational modification of ASK1 is not necessary for binding to GSPT1 and thus binding of ASK1 to GSPT1 is oxidative stressindependent, at least in part. Moreover, PCR with reverse transcription results show that TNF-a and H 2 O 2 have no effect on the transcription of GSPT1 (data not shown). These results suggest that TNF-a and H 2 O 2 play no direct role in regulating GSPT1 in ASK1 signaling pathway. It is currently unclear what signal activates GSPT1 to regulate ASK1. However, as shown in Figures 4a and b , GSPT1 expression level may be a key factor for the regulation of ASK1. Moreover, it has been reported that JNK activity increased in late S phase (Du et al., 2004) , suggesting the possible regulation of ASK1, a JNK activator, during the cell cycle. It also has been reported that GSPT1 is overexpressed in gastric tumours (Malta-Vacas et al., 2005) , suggesting the role of GSPT1 in the regulation of cell proliferation. Another possibility is that GSPT1 activity is regulated upon influx of certain stimuli such as ER stress. It has been reported that GSPT1 is loosely associated with the ER and released from the ER into the cytosol when its N-terminus is processed (Hegde et al., 2003) . Therefore, ER stress might be related to the N-terminus processing and release of GSPT1 from the ER. In addition, ASK1 has been shown to be activated by ER stress (Nishitoh et al., 2002) as well as oxidative stress. These reports suggest the possible role of ER stress in the regulation of ASK1 by GSPT1. GSPT1 induces the release of 14-3-3 protein from ASK1, but has no effect on ASK1-TRAF2 complex. (a) HEK 293 cells were transfected with FLAG-GSPT1, FLAG-14-3-3-eta, FLAG-TRAF2 or empty pFLAG-CMV2 plasmid in the presence of HA-ASK1 (1 mg). Transfected cell lysates were immunoprecipitated with anti-HA affinity agarose, followed by immunoblotting with an anti-FLAG antibody (top). Middle and bottom parts show protein expression levels of transfected genes. (b) GSPT1 dissociates 14-3-3 protein from ASK1. HEK 293 cells were transfected with HA-ASK1 (1 mg), FLAG-GSPT1 (1 mg), pFLAG-14-3-3 (0.5 mg) or empty pFLAG-CMV2 plasmid. Associations of GSPT1 and 14-3-3 with ASK1 were detected by immunoprecipitation with an anti-HA antibody followed by immunoblotting with anti-FLAG M2 antibody (top). Middle and bottom parts show the protein expression levels. (c) Dissociation of 14-3-3 from ASK1 is GSPT1 dose-dependent. HEK 293 cells were transfected with HA-ASK1 (1 mg), FLAG-GSPT1 (0, 0.5, 1, or 2 mg) and FLAG-14-3-3 (0.5 mg) plasmids. Associations of GSPT1 and 14-3-3 with ASK1 were detected by immunoprecipitation with anti-HA affinity agarose followed by immunoblotting with anti-FLAG M2 antibody. ASK1, apoptosis signal-regulating kinase 1; GSPT1, G 1 to S phase transition protein 1; HA, hemagglutinin.
GSPT1 appears to be a key component in a cell cycle checkpoint that determines whether cells will undergo S phase progression (Kikuchi et al., 1988) . Paradoxically, our results and previous report show that GSPT1 is also involved in apoptosis (Hegde et al., 2003) . These indicate that cell cycle-dependent GSPT1 induction may be critical for determining whether cells undergo appropriate cell cycle progression or apoptosis. However, it is not clear how GSPT1 selectively regulates the two opposing effects. One possibility is that GSPT1 may sense cell's status and determine its role in either cell cycle or apoptosis. If cells are in normal state of cell cycle, the induced GSPT1 may act as eRF3 for translation regulation in gene expression. However, if cells are in abnormal state of cell cycle, the induced GSPT1 may trigger the apoptosis pathway. There are similar examples that proteins are involved in the regulation of both cell cycle and apoptosis. JNK, known as an activator of apoptosis and downstream factor of ASK1, acts as a positive regulator in cell cycle progression depending on the state of activation (Du et al., 2004) . In addition, E2F-1 transcription factor, the expression of which increases as cells progress into S phase, also activates apoptosis (Bell and Ryan, 2004) . Therefore, the regulation of cell cycle and apoptosis by GSPT1 as well as these proteins may be crucial for appropriate cell cycle progression.
The fact that GSPT1 interacts with ASK1 regardless of phosphorylation status of Ser-967 may suggest that GSPT1 has another role in regulating ASK1 in addition to a role in dissociating 14-3-3 from ASK1. It is possible that GSPT1 helps an H 2 O 2 -sensitive Ser-967-specific phosphatase(s) access the site and/or prevents kinase(s) from acting on the site.
Materials and methods
Cell culture HEK 293 and BOSC 23 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) with 0.238% HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 0.375% sodium bicarbonate (Sigma-Aldrich, St Louis, MO, USA), 100 U/ml penicillin (Invitrogen), 100 mg/ml streptomycin (Invitrogen) and 10% fetal bovine serum (FBS) in a 5% CO 2 incubator at 371C. For H 2 O 2 treatment or apoptosis activation, media were replaced by DMEM without serum.
Transfection
For most transient transfections of expression plasmids, 1.4 Â 10 6 cells were plated in a 60 mm cell culture plate, grown overnight, and transfected with appropriate methods as described previously (Cho et al., 2004) .
Yeast two-hybrid screening
To identify the binding partners of ASK1, we used the C-terminal regulatory domain (amino-acid residues 649-1375) of ASK1 as a bait for a yeast two-hybrid system and screened 1.8 Â 10 6 cDNA colonies obtained from a HeLa cDNA library as described (Gyuris et al., 1993) . Plasmid DNAs of positive clones were recovered after transformation into E. coli KC8 cells, and the cDNA inserts were sequenced.
Plasmid constructions HA-ASK1 and ASK1
K709R expression plasmids were generous gifts from Dr Hidenori Ichijo. The C-terminally HA-tagged GSPT1 and FLAG-tagged GSPT1 expression plasmids were generated by PCR and subcloned into pcDNA3.1/Zeo (Invitrogen). Constructions of FLAG-ASK1, FLAG-ASK-K and FLAG-ASK-C expression plasmids were described previously (Cho et al., 2004) . FLAG-ASK1-S967A expression plasmid was constructed by PCR using FLAG-ASK1 as a template. FLAG-14-3-3-eta and FLAG-TRAF2 were constructed with pcDNA 3.1/Zeo plasmid. GST-tagged GSPT1 was constructed in pEBG and pGEX-6P-1 (Amersham Biosciences, Pittsburg, PA, USA) plasmids for protein expressions in mammalian cells and E. coli, respectively. For GSPT1 Figure 6 Activation and binding of ASK1 by GSPT1 is independent of phosphorylation of Ser-967. (a) ASK1-S967A is not activated by GSPT1. HEK 293 cells were co-transfected with 1 mg of FLAG-ASK1 WT or FLAG-ASK1-S967A with or without FLAG-GSPT1 expression plasmid. Cell lysates were immunoprecipitated with anti-FLAG affinity agarose for autophosphorylation. Autophosphorylation activities relative to the amount of expressed ASK1 are shown as fold increase relative to that of FLAG-ASK1 protein from transfected cells. Top, autophosphorylation assay of ASK1; bottom, immunoblots of ASK1 and GSPT1 with anti-FLAG-M2 antibody. (b) ASK1-S967A interacts with GSPT1. Transfected cell lysates were immunoprecipitated with anti-HA antibody affinity agarose, followed by immunoblotting with anti-FLAG M2 antibody (top). Middle and bottom parts show protein expression levels of transfected genes. ASK1, apoptosis signal-regulating kinase 1; GSPT1, G 1 to S phase transition protein 1; HA, hemagglutinin. siRNA expression, the target sequence of GSPT1 used was 5 0 -GAGGAACAGTCATTGTGTG-3 0 (Chauvin et al., 2005) . Complementary pairs of oligonucleotides containing the appropriate 19-nucleotide-long sense siRNA sequence that is linked to the reverse complementary antisense siRNA sequence by a short spacer and cohesive ApaI and EcoRI ends were annealed by incubation in 100 mM K-acetate, 30 mM HEPES-KOH, pH 7.4, and 2 mM Mg-acetate at 901C for 3 min and then with slow cooling to room temperature. The annealed oligonucleotides were then inserted in the pSilencer 1.0-U6 vector (Ambion Inc., Austin, TX, USA), linearized by ApaI and EcoRI.
Antibodies and proteins GST-fused N-terminal GSPT1 protein (residues 1-302) was overexpressed in E. coli and bound to Glutathione Sepharose 4B beads. The bound GST-fused protein was treated with precision protease to elute GSPT1 from the beads. The eluted GSPT1 protein was used to immunize mice. GSPT1-specific IgG was purified from the GSPT1-specific antiserum using protein G/A beads. The mouse monoclonal anti-FLAG M2 antibody, anti-FLAG M2 agarose beads and rabbit anti-GST antibody were purchased from Sigma-Aldrich. Anti-HA antibody, anti-HA agarose beads, anti-ASK1 (F-9) antibody and anti-ASK1 (H-300) beads were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GST-fused N-terminal GSPT1 (residues 1-302) and C-terminal GSPT1 (residues 434-637) proteins were expressed in E. coli and purified by Glutathione Sepharose 4B affinity chromatography. The recombinant proteins were used for in vitro phosphorylation assays (Figure 3d ).
In vivo and in vitro binding assays HEK 293 cells were co-transfected with ASK1 and GSPT1 expression plasmids. After 48 h of transfection, cell lysates were prepared and immunoprecipitated as previously described (Cho et al., 2004) . The bound proteins were eluted with the SDS-PAGE sample buffer and were separated by SDS-PAGE, followed by immunoblotting with anti-FLAG M2 antibody or an anti-HA antibody. The protein bands were visualized by the ECL detection system (Pierce, Rockford, IL, USA).
To examine in vivo interaction between the endogenous proteins, cell lysates were prepared from HEK 293 cells as described above and subjected to immunoprecipitation with agarose beads coupled with anti-ASK1 antibody or with GSPT1-specific mouse IgG followed by incubation with protein A/G agarose for 5 h at 41C. The bound proteins were analysed by immunoblotting with anti-ASK1 antibody or mouse anti-GSPT1 IgG.
In vitro phosphorylation assays Transfected BOSC 23 cells were harvested and lysed with the lysis buffer as previously described (Cho et al., 2004 ). The solubilized fraction was then subjected to immunoprecipitation with appropriate antibodies. For the ASK1 kinase assays, immunoprecipitates were resuspended in kinase reaction buffer (20 mM Tris-HCl, pH 7.5, 20 mM MgCl 2 , 0.1 mM Na 3 VO 4 ) containing 20 mM ATP, 1 mCi [g-32 P]ATP, and incubated for 30 min at 301C in the presence or absence of 2 mg of GST-MKK6 as a substrate. To measure ASK1-induced JNK kinase activities, GST-c-Jun was used as a substrate. Phosphorylated substrates were visualized and quantitated after SDS-PAGE and autoradiography.
Determination of cell viability
Cell viability of transfected HeLa cell was determined by CCK-8 cell viability assay kit (DOJINDO Laboratories, Kumamoto, Japan). Transfected HeLa cells (5 Â 10 3 cells/well) were cultured in DMEM medium supplemented with 5% FBS and incubated for 48 h in a 96-well plate. Then, 10 ml of cell viability assay kit solution was added to each well of the plate. Cells were incubated for 1 h in a CO 2 incubator at 371C. The absorbance at 450 nm was measured using an enzyme-linked immunosorbent assay reader.
Measurement of caspase-3 activity and detection of caspase-3 Caspase-3 activity was measured as described (Cho et al., 2004) . HEK 293 cells (2 Â 10 6 /60 mm plate) were transfected with both HA-ASK1 and FLAG-GSPT1 expression plasmids. After 24 h of transfection, cells were transferred to 100 mm plates and grown to 80% confluence. Then, cells were exposed to serum-free DMEM for 24 h before collection for measurement.
For detection of caspase-3, cell lysates were prepared and analysed by immunoblotting with an anti-human caspase-3 antibody (Calbiochem, San Diego, CA, USA) and horseradish peroxidase-coupled monoclonal anti-rabbit IgG antibody (Sigma-Aldrich).
Luciferase reporter assay HEK 293 cells were grown to 50-80% confluence in 60 mm cell plates, and transfected by Lipofectamine (Invitrogen) with 1 mg each of pFR-Luc reporter, pFA-c-Jun and HA-ASK1 and 0.5 mg of pCMV/b-gal with or without 1 mg of FLAG-GSPT1 expression plasmid. Total amounts of DNA were equalized with empty plasmids. The luciferase activity was determined as described (Cho et al., 2004) .
